Effect of capillary heterogeneity on buoyant plumes: A new local trapping mechanism  by Saadatpoor, Ehsan et al.
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VWRULQJ&2 LQG HHSVDOLQHDTXLIHUVLVRQHPHWKRGWRPD[LPL]HUHVLGXDOWUDSSLQJ7KHPRUHXQLIRUPWKHVDWXUDWLRQ IURQWGXULQJ
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ZRUNZHVKRZWKDWVS DWLDOO\YDU\LQJFDSLOODU\HQWU\SUHVVXUHFDQFDXVHTXDOLWDWLYHO\GLIIHUHQWSOXPHEHKDYLRU 
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7R LOOXVWUDWH WKH EHKDYLRU ZH VL PXODWH EXR\DQF\GULYHQ PLJUDWLRQ ZKHQ VXSHUFULWLFDO &2 LV SODFHG EHORZ EULQH LQ D
KHWHURJHQHRXVGRPDLQ$IWHUJHQHUDWLQJJHRVWDWLVWLFDOUHDOL]DWLRQVRISHUPHDELOLW\ZHDSSO\WKH/HYHUHWW -IXQFWLRQVRWKDWHDFK
JULGEORFNKDVDGUDLQDJHFXUYH SFYV 6Z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,QD UHODWLYHO\KRPRJHQHRXVGRPDLQ FDSLOODU LW\LVDVHFRQGRUGHUHIIHFW,W  GDPSV WKH WHQGHQF\WRZDUGFKDQQHOLQJRIWKHULVLQJ
&2 IURQWDQGLQFUHDVHVWKHXQLIRUPLW\ RIWKHSOXPH$VWKHKHWHURJHQHLW\RIWKHDTXLIHULQFUHDVHVFDSLOODULW\EHJLQVWRGRPLQDWH
EXR\DQF\5HJLRQVZLWKVPDOOHU SHUPHDELOLW\ WKURXJKZKLFKVLQJOHSKDVHIORZZRXOGUHDGLO\RFFXU FDQFRPSOHWHO\EORFNULVLQJ
&2 VLPSO\EHFDXVHWKHFDSLOODU\HQWU\SUHVVXUHLQWKHVHUHJLRQVLVVRPHZKDWODUJHUWKDQLQQHLJKERULQJUHJLRQV7KHVHORFDO
FDSLOODU\EDUULHUV SUHYHQW&2IURPULVLQJDQGFDXVHLWWRPRY HODWHUDOO\ 7KHGLVUXSWLRQFDQEHVRH[WUHPHWKDWDERYHUHVLGXDO
VDWXUDWLRQVRI&2DFFXPXODWH EHORZWKHVHEDUULHUV  7KHVHORFDODFFXPXODWLRQV FDQUHPDLQXQGLVWXUEHGZKHQWKHWRSVHDORIWKH
DTXLIHULVEUHDFKHG7KXVZHGLVWLQJXLVKWKHPDVDQHZPRGHRI&2WUDSSLQJGXEEHG³ ORFDOFDSLOODU\WUDSSLQJ´

2YHUDOO WKH GLVSODFHPHQW IURQW LV PXFK OHVV XQLIRUP LQ KHWHURJ HQHRXV GRPDLQV 'HVSLWH WKH QRQXQLIRUPLW\ WKH H[WHQW RI
GLVVROXWLRQ WUDSSLQJ UHPDLQV VLJQLILFDQW  PXFK PRUH WKDQ ZRXOG EH H[SHFWHG FRQVLGHULQJ  WKH UDPLILHG VWUXFWXUH RI WKH
GLVSODFHPHQWIURQW7KH UHGXFWLRQ LQ UHVLGXDO SKDVH WUDSSLQJ LV EDODQFHG E\ DQ LQFUHDVH LQ ORFDO FDSLOODU\ WUDSSLQJ7KXV WKH
H[WHQWRILPPRELOL]DWLRQLVVLPLODUWRWKDWIRXQGLQSUHYLRXVZRUNV
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KDYHVWXGLHG WKHHIIHFWLYHQHVVRI UHVLGXDOSKDVH WUDSSLQJ.XPDUHWDO >@2]DKHWDO >@0RDQG$NHUYROO >@
+HVVHHWDO >@2QHZD\ WRPD[LPL]HUHVLGXDO WUDSSLQJ LV WKH³LQMHFW ORZDQG OHW ULVH´VWUDWHJ\.XPDUHWDO  >@
,QWKLVVFKHPH&2 LV LQMHFWHG LQ GHHSHU SDUWV RI DTXLIHU6LQFH&2 LV OHVVGHQVHWKDQEULQHXQGHUW\SLFDOVWRUDJH
FRQGLWLRQVE XR\DQF\ IRUFHV GULYH WKH LQMHFWHG&2XSZDUG $V &2 ULVHV D UHVLGXDO SKDVH WUDSSHG E\ FDSLOODU\
IRUFHVUHPDLQVLQWKH URFNSUHYLRXVO\RFFXSLHGE\ ODUJH&2VDWXUDWLRQ5HVXOWVIURP%U\DQWHWDO>@VKRZWKDWWKH
&2IROORZVSUHIHUHQWLDOIORZSDWKVGHWHUPLQHGE\WKHVSDWLDOFRUUHODWLRQRISHUPHDELOLW\LQWKHDTXLIHU,QFOXGLQJD
VLQJOH SF6Z FXUYH LQ D KHWHURJHQHRXV SHUP HDELOLW\ ILHOG LQGLFDWHV WKDW FDSLOODU\ SUHVVXUH DOZD\V VPRRWKV WKH &2 
IURQW7KLV DOORZV D ODUJH YROXPHRI&2 WR ULVH EXW QRW UHDFK WKH WRS RI WKH IRUPDWLRQ WKHUHE\PD[LPL]LQJ WKH
DPRXQWRIWUDSSHG&2,QWKLVVLWXDWLRQFDSLOODULW\LQFUHDVHVWKHVHFX ULW\RI&2VWRUDJH 
+RZHYHU FDSLOODU\ HQWU\ SUHVVXUH RI D URFN LV FRUUHODWHGZLWK LWV SHUPHDELOLW\ /HYHUHWW >@ DQG WKH XVH RI D
VLQJOHGUDLQDJHFXUYH LQDKHWHURJHQHRXVIRUPDWLRQ LVSK\VLFDOO\ LQFRQVLVWHQW0RUHRYHUKHWHURJHQHLW\ WKDW OHDGV WR
DVPD OOGHFUHDVHLQSHUPHDELOLW\LQWKHYHUWLFDOGLUHFWLRQZRXOGFDXVHWKHFDSLOODU\HQWU\SUHVVXUHWRLQFUHDVHLQWKDW
GLUHFWLRQ7KLVFDQEHVXIILFLHQWWREORFNWKHULVLQJ&2UHJDUGOHVVRIWKHSHUPHDELOLW\7KH&2 SKDVHPXVWLQVWHDG
DFFXPXODWH RU PRYH ODWHU DOO\ +HQFH XVLQJ D SK\VLFDOO\ FRQVLVWHQW  PRGHO WKDW FRQVLGHUV WKH KHWHURJHQHLW\ LQ
FDSLOODU\SUHVVXUHFRXOGUHVXOWLQDTXDOLWDWLYHO\GLIIHUHQWULVLQJIURQW 7KLVLQWXUQFRXOGOHDGWRGLIIHUHQWDPRXQWVR I
&2VWRUHG LQWZRIDYRUDEOHPRGHV GLVVROXWLRQL QEULQHDQG UHVLGXDOSKDVH VDWXUDWLRQ 7K H TXDOLWDWLYH EHKDYLRU RI
EXR\DQW PRYHPHQW XQGHU WKH HIIHFW RI D KHWHURJHQHRXV FDSLOODU\ SUHVVXUH ILHOG KDV SUHYLRXVO\ EHHQ VKRZQ E\
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,Q WKLVZRUNZHH[DPLQHWKHLPSOLFDWLRQVRIWKLVGLIIHUHQWEHKDYLRU7KHVLPXODWLRQVDFFRXQWIRUKHWHURJHQHLW\LQ
WKHFDSLOODU\SURSHUWLHVRIWKHGRPDLQ2QFHEXR\DQF\ GULYHQIORZ HQGVZHLPSRVHDVLPXODWHGOHDNLQWKHWRSV HDO
RI WKH DTXLIHU DQG REVHUYH WKH UHVSRQVH 7KLV OHDGV WR WKH LGHQWLILFDWLRQ RI D QHZPRGH RI WUDSSLQJ WHUPHG ³ ORFDO
FDSLOODU\ WUDSSLQJ´ DV LW LV DVVRFLDWHG
ZLWK FRQWLJXRXV UHJLRQV RI ODUJHUWKDQ 
DYHUDJH FDSLOODU\ HQWU\ SUHVVXUH 7KH
WUDSSHG &2 DFFXPXOD WHV EHORZ WKHVH
UHJLRQV DW VDWXUDWLRQV PXFK ODUJHU WKDQ
UHVLGXDO 7KH UHJLRQV DUH VFDWWHUHG
WKURXJKRXW WKH GRPDLQ DFFRUGLQJ WR WKH
FRUUHODWLRQ VWUXFWXUH RI WKH SHUPHDELOLW\
ILHOG 7KH EHKDYLRU LV DQDORJRXV WR
ILOOLQJ D K\GURFDUERQ WUDS EH\RQG WKH
VSLOOSRL QWDVVNHWFKHGLQ )LJXUH 
0RGHOSURSHUWLHV 
 $TXLIHUPRGHO
:HLGHDOL]HWKHGLVWULEXWLRQRI&2 DIWHULQMHFWLRQDVDODUJH&2VDWXUDWLRQLQWKHIHZERWWRPOD\HUV KRIDWZR
GLPHQVLRQDO DTXLIHU VKRZQ VFKHPDWLFDOO\ LQ  )LJXUH D7K H ERXQGDULHV RI WKH GRPDLQ DUH FORVHG ZKLFK OHDGV WR
FRXQWHUFXUUHQWIORZLQVLGHWKHDTXLIHUDVEULQHIDOOVWRUHSODFHXSZDUGPRYLQJ&2
7R VWXG\WKHDFFXPXODWLRQRI&2EHQHDWK WKH WRSVHDOZHFRQVLGHUHGVHYHUDOGLIIHUHQW LQLWLDOYROXPHVRI&2
7KHKHWHURJHQHRXVSDUWRIWKHGRPDLQUHPDLQHGXQFKDQJHG1HZOD\HUVKZHUHDGGHGWRWKHERWWRPRIWKHGRPDLQ
WRKROG DGGLWLRQDO &2DVLQGLFDWHGLQ )LJXUH E7KHQHZOD\HUVDUHKRPRJHQHRXVZLWKSHUPHDELOLW\DQGSRURVLW\
HTXDOUHVSHFWLYHO\WRWKH DYHUDJHSHUPHDELOLW\DQGSRURVLW\RIWKHDTXLIHU 
%DVHFDVHVLPXODWLRQVZHUHSHUIRUPHGRQDIWKLJKIWZLGHGRPDLQZLWKJULGEORFNVRIIWE\IWOHQJWK
WKXV LQYROYLQJ   JULG EORFNV 7KH DTXLIHU LV DVVXPHG WR EH ORFDWHG  IW  EHORZ WKH VXUIDFH ZLWK LQLWLDO
SUHVVXUHRI SVLDW FRQVWDQWWHPSHUDWXUHRI )ZKLFK DUHW\SLFDORIDGHHSVDOLQHDTXLIHU
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)LJXUHD6FKHPDWLFRIWKHLQLWLDOFRQGLWLRQIRUWKHEXR\DQF\ GULYHQIORZVLPXODWLRQVEDVH FDVH$ODUJHVDWXUDWLRQRI&2LVSODFHGLQ
WKHERWWRP K IWRI WKH +  IW DTXLIHU7KLV LV LQWHQGHG WRDSSUR[LPDWH WKH UHVXOWRIKLJK UDWH LQMHFWLRQ LQWR WKHERWWRPSDUWRI WKH
DTXLIHU E0RGHO RI WKH OHDN LV D KLJKSHUPHDELOLW\ FKDQQHO RI  IW ZLGWK LQ WKH WRS VHDO LPSRVHG DIWHU EXR\DQWPRYHPHQW HQGV 7KH
IRUPDWLRQRSHQWRWKHOHDNIORZ + LV DVVXPHG WRKDYHD ODUJHSHUPHDELOLW\DQGSRURVLW\ZKLFK OHWV WKHJDV WRHDVLO\HVFDSH WKHDTXLIHU
7KH VFKHPDWLF VKRZV WKH VHFRQG VWXGLHG FDVHZKHUH WKH KLJK SHUPHDELOLW\ IRUPDWLRQ + LV ORFDWHGDERYH KVKDOH IHHWLPSHUPHDEOH
VKDOHOD\HUDWWKHWRSRIWKHDTXLIHU 
&0*¶V*(0 VLPXODWRU ZDV XVHG LQ WKLV V WXG\ 1JKLHP HW DO >@ 6LPXODWLQJ VHYHUDO FDVHV XS WR  \HDUV
VKRZHG WKDW WKH IURQW EHKDYLRU LQ WKLV LGHDOL]HG V\VWHP LV ODUJHO\ GHILQHG GXULQJ WKH ILUVW  \HDUV RI XSZDUG
PRYHPHQW0RVWRIWKHVLPXODWLRQVZHUHWKXVFDUULHGRXWIRU\HDUV)OXLGSURSHUWLHVDUH WKRVHXVHGE\2]DKHWDO
>@.XPDUHWDO >@ WXQHG WKH3HQJ 5RELQVRQ HTXDWLRQRI VWDWH 35(26XVLQJ H[SHULPHQWDO GDWD IRU GHQVLW\ DQG
VROXELOLW\ RYHU D ZLGH UDQJH RI SUHVVXUHV WHPSHUDWXUHV DQG VDOLQLWLHV UHODWHG WR DTXLIHU FRQGLWLRQV 6RO XELOLW\
GHWHUPLQHVKRZPXFKJDVJRHVLQWRVROXWLRQLQEULQHDQGGHQVLW\GHWHUPLQHVKRZIDVWWKHEXR\DQWIRUFHVVHTXHVWHU
WKHLQMHFWHGJDVHV:HXVHG WKH3HGHUVHQ FRUUHODWLRQ >@IRUWKHYLVFRVLW\RIEULQHDQGGLVVROYHG&2
3HUPHDELOLW\YDOXHVZHUHJHQHUD WHG IRU DOO JULGEORFNV WR
VLPXODWH GLIIHUHQW GHJUHHV RI KHWHURJHQHLW\ UDWKHU WKDQ XVLQJ
KRPRJHQHRXVRUOD\HUHGGHVFULSWLRQ7ZRUHDOL]DWLRQVRISHUPHDELOLW\
ILHOG ZLWK GLIIHUHQW FRUUHODWLRQ OHQJWKV RI  IW DQG  IW LQ WKH
KRUL]RQWDO GLUHFWLRQ DQG  XQFRUUHODWHG LQ WKH YHUWLFDO GLUHFWLRQ ZHUH
XVHG LQ WKH VLPXODWLRQV 7KH DTXLIHU ZDV FRQVLGHUHG WR EH LVRWURSLF
&RUUHODWLRQV UHODWLQJ SRURVLW\ SHUPHDELOLW\ PD[LPXP UHVLGXDO JDV
VDWXUDWLRQDQGUHVLGXDOZDWHUVDWXUDWLRQGHYHORSHGE\+ROW] >@ IRU
VDQGVWRQHV ZHUH XVHG WR FDOFXODWH WKH SRURVLW\ RI HDFK JULG EORFN
IURP WKH VWRFKDVWLFDOO\ JHQHUDWHG YDOXHV RI SHUPHDELOLW\ 7DEOH  
VKRZVGLIIHUHQWSHWURSK\VLFDOSURSHUWLHVXVHGLQWKHVLPXODWLRQV 
2XU VLPXODWLRQV VKRZ WKDW JDV VDWXUDWLRQ ZLOO LQFUHDVH WKHQ
GHFUHDVH LQ VRPHJULGEORFNVRIDTXLIHUZKLFKZHUH LQLWLDOO\ VDWXUDWHGZLWKZDWHU7KLV UHTXLUHVDFFRXQWLQJ IRU WKH
K\VWHUHVLVHIIHFW LQ UHODWLYHSHUPHDELOLW\7KHK\VWHUHWLF UHODWLYHSHUPHDELOLWLHVZHUH LQWURGXFHG LQWKH VDPHZD\ DV
2]DKHWDO >@2XUIRFXVLVRQWKHQDWXUHRIWKHULVLQJ&2IURQWZKLFKLVDGUDLQDJHGLVSODFHPHQW)RUVLPSOLFLW\
WKHQ ZH DVVXPH LQ WKLV ZRUN WKDW WKH LPELELWLRQ FDSLOODU\ SUHVVXUH FXUYH LV QRW VLJQLILFDQWO\ GLIIHUHQW IURP WKH
GUDLQDJH FXUYH LH WKDW FDSLOODU\ SUHVVXUH K\VWHUHVLV LV D VPDOO HIIHFW FRPSDUHG WR WKH YDULDWLRQ EHWZHHQ GUDLQDJH
FXUYHV IURP SRLQW WR SRLQW LQ WKH GRPDLQ :H ZLOO UHSRUW RQ WKH UHVXOWV RI UHOD[LQJ WKLV DVVXPSWLRQ LQ IXWXUH
SXEOLFDWLRQV
)LJXUH VKRZVWKHUHIHUHQFHFDSLOODU\SUHVVXUHFXUYHXVHGLQWKHVLPXODWLRQV7KHFXUYHLVW\SLFDORIVHGLPHQWDU\
URFNV ZLWK DQ HQWU\ FDSLOODU\ SUHVVXUH RI  SVL DQG HQG SRLQW  FDSLOODU\ SUHVVXUH RI  SVL DWLUUHGXFLEOH ZDWHU 
VDWXU DWLRQ 7KH HQWU\ SUHVVXUH LV LQYHUVHO\ SURSRUWLRQDO WR WKH UDGLXV RI D W\SLFDO SRUH WKURDW ZKLOH DEVROXWH
SHUPHDELOLW\ YDULHV ZLWK WKH VTXDUH RI WKH SRUH WKURDW UDGLXV 7KXV KHWHURJHQHLW\ RI SHUPHDELOLW\  LPSOLHV
KHWHURJHQHLW\RIFDSLOODU\HQWU\SUHVVXUH 7R WDNH WKHHIIHFWRIKHWHURJHQHLW\RQFDSLOODU\SUHVVXUH LQWRDFFRXQWZH
XVHWKH/HYHUHWW -IXQFWLRQ
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7DEOH3HWURSK\VLFDO3URSHUWLHVRIWKH0RGHO 
3HWURSK\VLFDO3URSHUW\  9DOXH 
$YHUDJHSHUPHDELOLW\ PG  
'\NVWUD3DUVRQ¶VFRHIILFLHQW  
$YHUDJHSRURVLW\  
0D[LPXP UHVLGXDOJDVVDWXUDWLRQ  
,UUHGXFLEOHZDWHUVDWXUDWLRQ  
*DVHQGSRLQWUHODWLYHSHUPHDELOLW\  
&DSLOODU\ HQWU\ SUHVVXUHUHIHUHQFH SVL  
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7R VFDOH WKH FDSLOODU\ SUHVVXUH FXUYH IRU HDFK JULG EORFN LQ WKH DTXLIHU ZH DVVXPH WKDW LQWHUIDFLDO WHQVLRQ DQG
FRQWDFWDQJOHGRQRWYDU\VSDWLDOO\7KXVIRUDQ\JULGEORFNV LDQG M
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7KH FRHIILFLHQW RQ WKH ULJKW KDQG VLGH RI (T  LV
FDOFXODWHG IRU HDFK JULG EORFN DQG WKHQ LQWURGXFHG WR
*(0XVLQJ3&*0$;NH\ZRUG7KLVNH\ZRUGLVXVHGWR
VFDOH WKHJDV OLTXLG FDSLOODU\ SUHVVXUH WDEOH WR D GLIIHUHQW
HQGSRLQWSUHVVXUH IRUHDFKJULGEORFN 
7R LPSOHPHQW D SDUWLFXODU VFDOLQJ ZH PXVW FKRRVH D
UHIHUHQFH YDOXH RI SHUPHDELOLW\ DQG DVVRFLDWH WKLV YDOXH
ZLWK WKH UHIHUHQFH FDSLOODU\ SUHVVXUH FXUYH ,Q SUDFWLFH
PHDVXUHPHQWV RI WKHVH SURSHUWLHV RQ D VLQJOH VDPSOH
ZRXOG EH WKH QDWXUDO ZD\ WR VHW WKH UHIHUHQF HYDOXHV ,Q
WKLVVWXG\  ZH DVVLJQ WKH UHIHUHQ FH FDSLOODU\ SUHVVXUH WR
VHYHUDO YDOXHV RI SHUPHDELOLW\ IRU D VLQJOH UHDOL]DWLRQ
7KLV EHWWHU LOOXVWUDWHV WKH LQIOXHQFH RI FDSLOODU\
KHWHURJHQHLW\ %DVHG RQ WKH FKRVHQ UHIHUHQFH
SHUPHDELOLW\ DQG SRURVLW\ IRU HDFK JULG EORFN LQ WKH
GRPDLQZHFDOFXODWHWKHQHZJDV OLTXLGFDSLOODU\SUHVVXUH
YDOXHDW WKHFRQQDWHOLTXLGVDWXUDWLRQ:HSURYLGHWKHVHYDOXHVLQWKHLQSXWGHFNWRWKHVLPXODWRU7KHUHVXOW LV WKDW
WKHYHUWLFDOVFDOH IRUUHIHUHQFHFXUYH LQ)LJXUH LVVWUHWFKHGRUFRQWUDFWHGE\D IDFWRURI3&*0$; )LJXUH VKRZV
WZRVFDOHGFDSLOODU\SUHVVXUHFXUYHVIRUWZRRWKHUJULGEORFNVRQHZLWKKLJKHUDQRWKHURQHZLWKORZHUSHUPHDELOLW\
WKDQUHIHUHQFHSHUPHDELOLW\DVVXPLQJ HTXDOSRURVLWLHV 
 /HDNPRGHO 
$WWKHHQGRIEXR\DQF\GULYHQIORZ DERYHUHVLGXDOVDWXUDW LRQVRI&2DFFXPXODWHVZLWKLQVRPHIORZSDWKV7R
VHH ZKHWKHU&2VWRUHGLQWKLVIRUP LVSRWHQWLDOO\PRELOHRU SUDFWLFDOO\ WUDSSHG ZHVLPXODWHDQRSSRUWXQLW\ IRU LWWR 
PRYHWKHVXGGHQGHYHORSPHQWRIDFRQGXFWLYHOHDNLQWKHDTXLIHUVHDO 
$VVKRZQLQ )LJXUH ERXUPRGHO RIWKH OHDN LV D KLJKSHUPHDELOLW\ 'DUF\ FKDQQHO RI IWZLGWKDW WKHWRS
VHDO:HFRQVLGHU DZRUVW FDVH VFHQDULR WKHIRUPDWLRQDERYH WKH OHDNKDV ODUJHSHUPHDELOLW\ 'DUF\DQGSRURVLW\
7KLVIDFLOLWDWHVWKHHVFDSHRI&2IURPWKHVWRUDJHIRUPDWLRQVRWKDWDQ\KLQGUDQFHWRHVFDSHVKRXOGEHWKH
UHVXOWRIEHKDYLRUZLWKLQ WKHVWRUDJHIRUPDWLRQ ,W LVFRQYHQLHQW WR WUHDW W KH OHDNDJHVLPXODWLRQDVDQHZUXQRIWKH
VLPXODWRU7KHLQLWLDOFRQGLWLRQVZLWKL QWKHVWRUDJHIRUPDWLRQLQWKHQHZUXQFRUUHVSRQGWRWKHILQDOFRQGLWLRQVRIWKH
EXR\DQWIORZVLPXODWLRQ7KXVWKHJOREDOPROHIUDFWLRQRIJDVDQGZDWHUDIWHU\HDUVRIEX R\DQWIORZLQWKHORZHU
DTXLIHUZLWKRXWDOHDNDUHVHWDVWKHLQLWLDOFRQGLWLRQVRIWKHOHDNVLPXODWLRQ 
5HVXOWVDQGG LVFXVVLRQ 
)LUVWZHJLYHWKHUHVXOWVRIEDVHFDVHVZKLFKDUHGLIIHUHQWLQGHILQLWLRQRIWKHLUFDSLOODU\SUHVVXUHWRLOOXVWUDWHWKH
HIIHFWRI VFDOHG FDSLOODU\SUHVVX UH7KHQ WKHUHVXOWVRI WKH OHDNDJHVFHQDULRDUHJLYHQWRLQWURGXFHWKHORFDOFDSLOODU\
WUDSSLQJ 
 (IIHFWRI VFDOHG FDSLOODU\SUHVVXU H RQGLVSODFHPHQWSDWK
(UURU 5HIHUHQFH VRXUFH QRW IRXQGD VKRZVWKH&2  VDWXUDWLRQ SURILOH DIWHU  \HDUV DVVXPLQJ QR FDSLOODU\
SUHVVXUH7KH&2 SOXPHLVTXLWH URXJKZLWKVHYHUDO ORQJQDUURZSUHIHUHQWLDO IORZSDWKVDSSDUHQW$VGLVFXVVHGE\
%U\DQW HW DO >@ WKH ULVLQJ&2 SUHIHUV WKH SDWKV RI OHVV K\GUDXOLF UHVLVWDQFH DQG WKHVH SDWKV DUH GHWHUPLQHG E\
VSDWLDOFRUUHODWLRQRISHUPHDELOLW\LQWKHDTXLIHU$OWKRXJKWKHVHIORZ FKDQQHOV  DSSHDUVLPLODUWRYLVFRXVILQJHUVWKH

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
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
)LJXUH  5HIHUHQFH FDSLOODU\ SUHVVXUH FXUYH  W\SLFDO RI  PG
VHGLPHQWDU\URFNDQGWZRVFDOHGFDSLOODU\SUHVVXUHFXUYHVIRUWZR
RWKHU JULG E ORFNV RQH ZLWK KLJKHU DQRWKHU RQH ZLWK ORZHU
SHUPHDELOLW\ WKDQ UHIHUHQFH SHUPHDELOLW\ 7KH UHIHUHQFH FDSLOODU\
SUHVVXUHFXUYH LV VFDOHGYLD/HYHUHWW VFDOLQJJURXSDVVXPLQJHTXDO
SRURVLWLHV 
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JRYHUQLQJ IDFWRU KHUH LV KHWHURJHQHLW\ LQ SHUPHDELOLW\ ILHOG QRW LQVWDELOLW\ RI WKH GLVSODFHPHQW 7KH HQWLUH &2
SOXPHEHFRPHVWUDSSHGDV HLWKHU UHVLGXDOVDWXUDWLRQ RUGLVVROYHG&2LQEULQH 
D E 
)LJXUH&2 VDWXUDWLRQSURILOHDW\HDUVDDVVXPLQJQRFDSLOODU\SUHVVXUHDQGEXVLQJWKHVLQJOHUHIHUHQFHFDSLOODU\SUHVVXUHFXUYH
RI )LJXUH    IRU WKH DTXLIHU 7KH SHUPHDELOLW\ ILHOG KDV  IW FRUUHODWLRQ OHQJWK LQ WKH KRUL]RQWDO GLUHFWLRQ XQFRUUHODWHG LQ WKH YHUWLFDO
GLUHFWLRQ&2 ULVHVDORQJSUHIHUHQWLDOIORZSDWKVWKDWFRUUHVSRQGWRUHJLRQVRIFRUUHODWHGUHODWLYHO\ODUJHSHUPHDELOLW\ 
(UURU 5HIHUHQFH VRXUFH QRW IRXQG E VKRZV&2 VDWXUDWLRQ SURILOH ZKHQ ZH XVH D VLQJOH FDSLOODU\ SUHVVXUH
FXUYH IRU WKHHQWLUHDTXLIHU7KH LQWURGXFWLRQRIFDSLOODU\SUHVVXUHGDPSHQV WKH FKDQQHOLQJWHQGHQF\DQG LQFUHDVHV
WKHXQLIRUPLW\RIWKHIURQW7KHUHDVRQLVWKDWWKHFDSLOODU\SUHVVXUHDWWKHOHDGLQJHGJHRIWKH&2IURQWPXVWH[FHHG
WKH FDSLOODU\ HQWU\ SUHVVXUH  SVL LQ WKLV VLPXODWLRQ 7KLV LPSHGHV WKH ULVLQJ &2 DQG WKXV SURPRWHVODWHUDO
H[SDQVLRQRI DIORZFKDQQHO 
:KHQZH LQFOXGH WKH HIIHFW RI KHWHURJHQHRXV SHUPHDELOLW\ ILHOG RQ WKH FDSLOODU\ SUHVVXUH FXUYH WKH EHKDYLRU
GUDPDWLFDOO\ FKDQJHV )LJXUH  VKRZV WKH FDVH ZKHUH WKH UHIHUHQFH FDSLOODU\ SUHVVXUH LV DVVLJQHG WR WKH PHGLDQ 
SHUPHDELOLW\ RI WKH ILHOG DQG VFDOHG 
E\ (T  IRU RWKHU JULG EORFNV  7KH
SHUPHDELOLW\ ILHOG LV WKH VDPH DV IRU
)LJXUH 
7KH &2 ULVHV WKURXJK VRPH
VSHFLILF FKDQQHOV ZKLFK DUH
VXUURXQGHG E\ FDSLOODU\ EDUULHUV
$OWKRXJK WKH SOXPH LV KLJKO\
UDPLIL HG WKH VWUXFWXUH LV QRW WKH
UHVXOW RI WKH K\GURG\QDPLF
LQVWDELOLWLHV ZKLFK OHDG WR YLVFRXV
ILQJHULQJ ,QVWHDG VHYHUH DQG
H[WHQVLYH FDSLOODU\ EDUULHUV DUH
SUHVHQW LQ WKHKHWHURJHQHRXVGRPDLQ
DQGWKHVHJRYHUQWKHIORZSDWKVRSHQ
WR&2DQGEULQH 
)LJXUH VKRZV WKH HQWU\ FDSLOODU\
SUHVVXUH RI HQWLUH GRPDLQ RYHUODLG
ZLWK WKH IORZ SDWKV RI &2 LQ
KHWHURJHQHRXV SF FDVH 7KLV ILJXUH
FRQILUPV WKDW WKH SUHIHUHQWLDO IORZ SDWKV DUH FDSLOODU\ GRPLQDWHG DQG LW LV WKH VSDWLDO FRUUHODWLRQ RI HQWU\SUHVVXUH
ILHOGWKDWGHWHUPLQHVWKHSDWKRI&2IORZ
+HWHURJHQHLW\ LQ FDSLOODU\ SUHVVXUH KDV WZR PDLQ FRQVHTXHQFHV IRUEXR\DQF\ GULYHQIORZ )LUVW LW OHDGV WR WKH
KLJKO\ UDPLILHG GLVSODFHPHQW IURQWV MXVW GHVFULEHG 6HFRQG ORFDO FDSLOODU\ EDUULHUV ZLWKLQ  WKH DTXLIHU WUDS KLJK
VDWXUDWLRQVRI&2ZLWKLQWKHIORZSDWKV7KLVQHZPRGHRIVWRUDJHLVGLVFXVVHG EHORZ7KRXJK&2PRYHVWKURXJK
RQO\ D VPDOO IUDFWLRQ RI WKH GRPDLQ WKH UDPLILHG VWUXFWXUH DOORZV IRU H[WHQVLYH FRQWDFW ZLWK EULQH GXULQJ
FRXQWHUFXUUHQW IORZ7KLVOHDGVWRDVLJQLILFDQWDPRXQWRIGLVVROXWLRQWUDSSLQJ 

)LJXUH &2 VDWXUDWLRQSURILOH DW \HDUV DVVLJQLQJ WKH UHIHUHQFHFDSLOODU\SUHVVXUH FXUYH
WRPHGLDQSHUPHDELOLW\RI WKH ILHOG DQG VFDOLQJ WKH FXUYH IRURWKHUJULGEORFNV DFFRUGLQJ WR
WKHLU SHUPHDELOLW\ 7KH SHUPHDELOLW\ ILHOG FRUUHVSRQGV WR WKDW RI (UURU5HIHUHQFHVRXUFH
QRW IRXQG 7KHVFDOLQJFDXVHVPDQ\ JULGEORFNV WRKDYH ODUJHYDOXHVRIHQWU\SUHVVXUHDQG
WKXV DFW DV FRPSOHWH EDUULHUV WR&2 /DUJH VDWXUDWLRQV RI &2  EXLOG XS XQGHU WKHVH ORFDO
EDUULHUVEXWGRQRWPLJU DWH7KHGLVWULEXWLRQVKRZQLVDOPRVWDWVWHDG\VWDWH 
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D E 
)LJXUHD(QWU\FDSLOODU\SUHVVXUHSVLDRIWKHDTXLIHUFRUUHVSRQGLQJWR )LJXUH%OXHLQGLFDWHVVPDOOHQWU\SUHVVXUH\HOORZDQGUHG 
LQGLFDWH ODUJH HQWU\ SUHVVXUH E 6XSHULPSRVLQJ WKH VDWXUDWLRQ VLOKRXHWWH IURP )LJXUH RQDZHVHHWKDWFRUUHODWHGUHJLRQVRIVPDOO
HQWU\SUHVVXUHGHWHUPLQHWKHSDWKVIROORZHGE\WKHEXR\DQWSOXPH
 (IIHFWRI VFDOHG FDSLOODU\SUHVVXUH ZKHQ&2UHDFKHV WRSVHDO
:HLQFUHDVHWKHYROXPHRI&2LQLWLDOO\SUHVHQWLQWKHGRPDLQWRVWXG\WKHDFFXPXODWLRQRI&2 DV DEXONSKDVH 
,QDFDVHZLWKPRUHOD\HUVRILQLWLDO&2 WKDQ SUHYLRXV FDVHV)LJXUH DVKRZVWKH &2SKDVH VDWXUDWLRQSURILOHDW
 \HDUV ZKHQ XVLQJ D VLQJOH FDSLOODU\ SUHVVXUH FXUYH IRU WKH ZKROH DTXLIHU )LJXUH E LV WKH VDPH SURILOH EXW
LQFOXGHVWKHHIIHFWRIKHWHURJHQHRXVFDSLOODU\SUHVVXUH 
6KDOH%DUULHU
8SSHU$TXLIHU
6KDOH%DUULHU
8SSHU$TXLIHU
D E 
)LJXUH &2 VDWXUDWLRQSURILOHDW\HDUVZLWKLQWKHVWRUDJHDTXLIHURI )LJXUHEEXWEHIRUHGHYHORSPHQWRIWKHOHDNDXVLQJWKH
VLQJOHUHIHUHQFHFDSLOODU\SUHVVXUHFXUYHRI )LJXUH DQGE DVVLJQLQJWKHUHIHUH QFHFDSLOODU\SUHVVXUHFXUYHWRPHGLDQSHUPHDELOLW\
RIWKHILHOGDQGVFDOLQJLWIRURWKHUJULGEO RFNV7KHFRORUVFDOHLVWKHVDPH DVIRU)LJXUHVDQG
$VVKRZQL Q)LJXUH D WKH JDVKDV VZHSW DQG UHPDLQHGDV UHVLGXDOSKDVHQHDUO\ WKURXJKRXW WKH ZKROH DTXLIHU
&2 SKDVH LQ H[FHVV RI WKH UHVLGXDO VDWXUDWLRQ KDV DFFXPXODWHG XQLIRUPO\ EHORZ WKH WRS VHDO 7KH DTXLIHU LV WKXV
GLYLGHG LQWR WZRVHFWLRQV WKHXSSHU VHFWLRQZLWK LUUHGXFLEOHZDWHU VDWXUDWLRQDQGPD[LPXP&2SKDVHVDWXUDWLRQ 
DQGD ORZHUVHFWLRQZLWKUHVLGXDO&2 VDWXUDWLRQ ZLWKLQWKHIORZFKDQQHOV,Q)LJXUH E WKH&2 IROORZVFDSLOODU\
GRPLQDWHGIORZSDWKVWRUHDFKWKHWRSVHDO/DUJHVDWXUDWLRQVRIJDVUHPDLQLQLWVIORZSDWK7KHUHVWRIWKHULVHQ&2 
LV DFFXPXODWHG EHORZ WKH WRS VHDO EXW QRW XQLIRUPO\ $OO &2DW WKH HQG RI VLPXODWLRQ LV FRQQHFWHG EXW WKURXJK D
ZLGHYDULHW\RIVDWXUDWLRQV$ERYH UHVLGXDOVDWXUDWLRQVLQWKHDUHDEHORZWKHVHDODUHFRQQHFWHGDORQJWKHSDWKVIURP
WKH LQLWLDODFFXPXODWLR Q%XW GXH WR WKH FDSLOODU\ EDUULHUV VWLOO VRPH UHVLGXDO VDWXUDWLRQ DQG HYHQ XQ LQYDGHG JULG
EORFNV H[LVWLQWKLVXSSHUVHFWLRQ7KHEDUULHUVKDYHEHHQVRVHYHUHWKDWHYHQDVWKHDFFXPXODWLQJ&2SXVKHVWKHJDV
GRZQZDUG WKH JDV GLG QRW LQYDGH WKRVH JULG EORFNV+RZPXFKRI WKLV QRQ UHVLGXDO&2 ZRXOG HVFDSH LI D OHDN
GHYHORSVLQWKHVHDO":HDGGUHVVWKLVTXHVWLRQLQWKHQH[WVHFWLRQ 
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 'HYHORSPHQWRID OHDN ORFDO FDSLOODU\WUDSSLQJ
:H VLPXODWH  WKH GHYHORSPHQW RI D VXGGHQ OHDN LQ WKH WRS VHDO DIWHU  \HDUV RI LQMHFWLRQ 7KH OHDN LV YHUWLFDO
FROXPQ RI KLJK SHUPHDELOLW\ JULG EORFNV H[WHQGLQJ WKURXJK WKH LPSHUPHDEOH VKDOH OD\HU RYHUO\LQJ WKH WRS RI WKH
DTXLIHU 7KLV FRXOG UHSUHVHQW D IUDFWXUH LQGXFHG GXULQJ LQMHFWLRQ RU WKH DUULYDO RI WKH &2 SOXPH DW DQ H[LVWLQJ
FRQGXLW GDPDJH]RQHDURXQGD IDXOWGHIHFWV LQ WKHFHPHQWHGDQQXOXVRIDZHOO 7KH ORZHUDTXLIHUFRQWDLQLQJ WKH
&2UHPDLQVFORVHGRWKHUZLVHVRDQ\&2 WKDW OHDNVRXWPXVWEH UHSODFHGE\ZDWHU VLQNLQJLQWR WKH DTXLIHU7KLV
DIIHFWVWKHUDWHDWZKLF K&2HVFDSHVEXWGRHVQRWSUHYHQWWKHPLJUDWLRQRIDQ\SRWHQWLDOO\PRELOH&27KH OHDNKDV
DZLGWKRI ILYHJULGEORFNVWRDFFRPPRGDWHFRXQWHUFXUUHQWIORZ7KHJOREDOPROHIUDFWLRQRIJDVDQGZDWHUDIWHU
\HDUVRIEXR\DQWIORZ RQO\LQWKHVWRUDJHIRUPDW LRQDUHVHWDVWKHLQLWLDOFRQGLWLRQVRIWKHOHDNVLPXODWLRQ 
7KH UHVXOWV  \HDUV DIWHU WKH OHDN
RSHQVDUHVKRZQLQ )LJXUH :HFDQVHH
WKDW WKHPRELOH &2SKDVH DF FXPXODWHG
DW WKHWRSOHIWRIWKHDTXLIHULVHYDFXDWHG
WKURXJK WKH OHDN 6RPH RI WKH HVFDSHG
&2 DFFXPXODWHV LQ D WKLQ OD\HU DW WKH
WRS RI WKH XSSHU DTXLIHU 7KH &2
VDWXUDWLRQ LQ WKH VWRUDJH IRUPDWLRQ IDOOV
WR UHVLGXDO YDOXHV LQ WKH YLFLQLW\ RI WKH
OHDN EXW HOVHZKHUH KLJK VDWXUDWLRQV RI
&2 UHPDLQ WUDSSHG EHORZ FDSLOODU\
EDUULHUV 7KLV LV WUXH IRU EDUULHUV LQ WKH
UHJLRQ RI SUHIHUHQWLDO IORZ SDWKV DQG LQ
WKH DFFXPXODWLRQ ]RQH DW WKH WRS RI WKH
DTXLIHU 6LQNLQJ EULQH GLVVROYHG WKH
UHVLGXDO SKDVH MXVW EHORZ WKH OHDN ,W LV
OLNHO\ WKDW KLJK VDWXUDWLRQV RI &2
UHPDLQLQJ DW WKH WRS ULJKW RI WKH DTXLIHU 
DUH VWLOO PRELOH 7KHVH ZRXOG HVFDSH
IURP WKH DTXLIHU LI DQRWKHU OHDN ZHUH WR
GHYHORSQHDU WKH WRSULJKW%XW WKHKLJKVDWXUDWLRQV LQ WKHSUHIHUHQWLDO IORZSDWKV SLQN DUURZV \HOORZDQGRUDQJH
SL[HOVDWWKHERWWRPDUHWUDSSHGE\ ORFDOFDSLOODU\EDUULHUV ZKLFKHPHUJHGXHWRKHWHURJHQHLW\RIFDSLOODU\SUHVVXUH
7KLVVHFXUH PRGHRI&2 VWRUDJHFRXOGQRWEH VHHQZKHQQHJOHFWLQJFDSLOODU\SUHVVXUHRUXVLQJD VLQJOHFDSLOODU\
SUHVVXUHFXUYHIRU WKHZKROHDTXLIHU:HFDOO WKLVQHZPRGHRIWUDSSLQJ ORFDOFDSLOODU\WUDSSLQJ
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7KLV LV D SRUHVFDOH SKHQRPHQRQ /RFDO
FDSLOODU\ WUDSSLQJ LQVWHDG KROGV ORFDO
DFFXPXODWLRQV RI &2 HDFK RIZKLFK LV
FRQQHFWHG DW D VFDOH RI PHWHUV RU ORQJHU
7KLV SKHQRPHQRQ LV D VPDOO VFDOH 
DQDORJ XH RI ILOOLQJ D K\GURFDUERQ WUDS
EH\RQG LWV VSLOO SRLQW )LJXUH  %XR\DQW
IOXLG DOUHDG\ DFFXPXODWHG LQ WKH WUDS
FDQQRW HVFDSH YLD WKH VSLOO SRLQW ,Q WKDW
VHQVH LW LV WUDSSHG QR PDWWHU ZKDW
KDSSHQVEH\RQGWKHVSLOOSRLQW
)LJXUH  VKRZV WKH PDVV RI &2
WUDSSHG LQ YDULRXV IRUPV LQ VLPXODWLRQV
ZLWK VLQJOH DQG ZLWK VFDOHG  FDSLOODU\
SUHVVXUH ILHOGV $OWKRXJKVFDO HGFDSLOODU\
SUHVVXUH UHVXOWV LQ OHVV  UHVLGXDO  DQG
8SSHU$TXLIHU
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)LJXUH  &2 VDWXUDWLRQ SURILOH DW  \HDUV DIWHU D OHDN RSHQV LQ WKH WRS VHDO RI WKH
DTXLIHU DV VNHWFKHG LQ )LJXUH E 7KH OHDN LV DVVXPHG WR HPHUJH DIWHU  \HDUV RI
EXR\DQWIORZRILQLWLDO&2 LQWKHVWRUDJHIRUPDWLRQ7KHJOREDOPROHIUDFWLRQRIJDVDQG
ZDWHU LQ )LJXUH EDUH  WKH LQLWLDOFRQGLWLRQVRI WKH OHDNVLPXODWLRQ 3LQNDUURZVLQGLFDWH
UHJLRQVZKHUHORFDOFDSLOO DU\WUDSSLQJKDVLPPRELOL]HG&2  
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)LJXUH0DVVRI&2 WUDSSHGLQYDULRXVIRUPVIRUVLQJOHDQGVFDOHGFDSLOODU\SUHVVXUH
ILHOGV\HDUVDIWHUOHDNGHYHORSPHQW
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EXR\DQF\GULYHQ IORZRI&2 LQ GHHS VDOLQH DTXLIHUV 7KH SULQFLSDO FRQWUROV DUH WKH VWDWLVWLFDO SURSHUWLHV RI WKH
SHUPHDELOLW\ILHOGHVSHFLDOO\FRUUHODWLRQOHQJWKDQGWKHDYHUDJHPDJQLWXGHRIW KH VFDOHG ZLWK SHUPHDELOLW\FDSLOODU\
SUHVVXUH FXUYHV ,Q VRPH UHJLRQV WKH &2 IROORZV SUHIHUHQWLDO IORZ SDWKV GHWHUPLQHG E\ WKH VSDWLDO FRUUHODWLRQ RI
SHUPHDELOLW\ ,Q RWKHU UHJLRQ V FDSLOODU\ EDUULHUV FRQILQH &2 WR D SDUWLFXODU IORZ SDWK HYHQ ZKHQ WKH YDOXHRI
DEVROXWH SHUPHDELOLW\ ZRXOG DOORZ VLJQLILFDQW IORZ RI D VLQJOH SKDVH 7KXV ODWHUDOPRYHPHQW EHFRPHV D SULPDU\
PRGHRIPLJUDWLRQ 7KH GLVUXSWLRQ RI WKH ULVLQJ SOXPH FDQ OHDG WR WUDSSLQJ RI DERYH UHVLGXDO VDWXUDWLRQVRI&2 
EHORZ WKHVH EDUULHUV 6LPXODWLRQV RI D SRVW PLJUDWLRQ OHDN LQ WKH WRS VHDO LQGLFDWH WKDW LQ DEVHQFH RI FDSLOODU\
K\VWHUHVLV PRVWRIWKHDERYHUHVLGXDO&2 UHPDLQV WUDSSHG :H VXJJHVW WKLV ODWWHUPRGH EH FDOOHG ORFDO FDSLOODU\
WUDSSLQJ2YHUDOO  WKH YROXPH RI URFN LQYDGHG E\ ULVLQJ&2LV  UHGXFHG LQ VXIILFLHQWO\ KHWHURJHQHRXV IRUPDWLRQV 
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7KHUHGXFWLRQ LQUHVLGXDOSKDVH WUDSSLQJ LVEDODQFHGE\DQ LQFUHDVH LQ ORFDOFDSLOODU\WUDSSLQJZLWKLQ WKHIRUPDWLRQ 
7KXVKHWHURJHQHLW\GRHVQRWDSSHDUWRUHGXFHWKHVHFXULW\RIVWRUDJHUHODWLYHWRKRPRJHQHRXVIRUPDWLRQV 
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